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We report on measurements of quadrupole-interaction-resolved nuclear magnetic resonance on oriented
nuclei ~QI-NMR-ON! of 9/2 1 185Pt (T1/251.2 h!, 3/2 2 189Pt (T1/2510.9 h!, and 3/2 2 191Pt (T1/252.9 d! in
hcp-Co. Ratios of quadrupole moments were determined to be Q(185Pt)/Q(191Pt)524.46(13) and
Q(189Pt)/Q(191Pt)511.235(8). @S0556-2813~98!01805-6#
PACS number~s!: 21.10.Ky, 27.70.1q, 29.30.Lw, 76.60.2kI. INTRODUCTION
The 77Ir, 78Pt, 79Au, and 80Hg nuclei lie in the transition
region between the well deformed rare earth nuclei and the
spherical nuclei near 82
208Pb. Depending on the neutron num-
ber, the nuclear shapes may vary between prolate deforma-
tion, oblate deformation, triaxial deformation and g softness.
Most data on the ground-state properties are known from
laser spectroscopy ~LS! measurements @1#. For Hg, an
oblate-prolate shape transition occurs beween 187Hg and
185Hg @2#. The light even Hg isotopes, as well as the high-
spin isomer 185mHg, and those with A>186 have a small
oblate deformation, whereas the light odd isotopes 181Hg,
183Hg, and 185Hg are strongly deformed and prolate @3#. For
Au, a similar behavior has been found: The isotopes with
A>187 have a small oblate deformation, whereas the iso-
topes with A<186 are strongly deformed with a prolate
shape @4–9#. For 184Au, shape coexistence was reported re-
cently: The I55 ground state is slightly more strongly de-
formed than the I52 isomeric state @9#. A similar shape
coexistence is also known for 186Ir: Here the I55 ground
state is also more strongly deformed than the I52 isomeric
state @10#. In this context, it is interesting whether a ~sharp!
nuclear shape transition exists also for Pt. The first direct
evidence came from measurements of electrical quadrupole
moments of neutron deficient radioactive Pt isotopes
@11–13#: The quadrupole moments of 191Pt, 189Pt, and
187Pt — all isotopes have Ip53/22 — are negative pointing
to a predominantly oblate deformation, whereas the quadru-
pole moment of 185Pt (Ip59/21) is large and positive, prov-
ing the existence of a large prolate deformation of 185Pt.
Theoretical calculations yielded a smooth transition in the
shape of odd-A Pt nuclei from a slightly deformed ~nearly
oblate! 195Pt via triaxial 1932187Pt to a strongly deformed
~nearly prolate! 177Pt @13#. With the long-term aim of a better
understanding of this transition, more accurate values for the
quadrupole moments would be desirable. Therefore we per-
formed measurements of quadrupole-interaction-resolved570556-2813/98/57~5!/2165~5!/$15.00nuclear magnetic resonance on oriented nuclei ~QI-NMR-
ON! on 185Pt, 189Pt, and 191Pt. The results of these measure-
ments are presented here.
II. QUADRUPOLE-INTERACTION RESOLVED NMR-ON
WITH hcp-Co
In hcp-Co, in addition to the magnetic hyperfine field
BHF , an ~axial symmetric! electric field gradient ~EFG! eq
exists, with the principal (z-!axis given by the c-axis of the
crystal. The direction of spontaneous magnetization is also
given by the crystal c-axis. For zero external magnetic field
or if an external magnetic field Bext is applied parallel to the
c-axis — this is the case for all measurements described in
this paper — the magnetic and electric interactions are col-
linear. For spin I , the resonance signal is split into a set of 2I
equidistant subresonances. The center of the subresonance
corresponding to rf transitions between state um& and
um11& is, on the condition that the m5I state lies lowest in
energy, given by
nm!m115nmag2DnQ~m11/2!, ~1!




DnQ53nQ /@2I~2I21 !# , ~5!
where nM and nQ are the magnetic hyperfine splitting fre-
quency and the quadrupole interaction frequency, g and eQ
are the nuclear g-factor and the spectroscopic quadrupole
moment, BHF and eq are the magnetic hyperfine field and the
EFG, Bext and K are the external magnetic field and the
resonance shift parameter, sgn~B HF) is the sign of BHF with
respect to Bext , and DnQ is the quadrupole subresonance
separation. If DnQ is larger than the inhomogeneous line-
width, this is fulfilled for our cases, a quadrupole-2165 © 1998 The American Physical Society
2166 57B. HINFURTNER et al.subresonance-resolved spectrum can be measured and DnQ
is determined directly from the resonance centers of the sub-
resonances.
The subresonance between the energetically lowest sub-
levels is denoted as n1 resonance, the next n2, etc. In low-
temperature QI-NMR-ON experiments, the n1 resonance has
normally the largest amplitude and hence can be measured
with the highest precision. The offset to the magnetic hyper-
fine splitting is given by
nM2n15~I21/2!DnQ . ~6!
For I 5 3/2 (191Pt and 189Pt!, the NMR-ON spectrum




The n2 resonance is difficult to observe because of its small
amplitude. This is due to the fact that only transitions be-
tween the m521/2 and 11/2 sublevels are involved. Since
the g anisotropy depends only on the sum of the sublevel
population probabilities of the 21/2 and 11/2 substates, this
is not accompanied by a direct change of the g anisotropy,
and the indirect change of the g anisotropy via the rearrange-
ment of the population probabilities of the m523/2 and
13/2 sublevels is small. The n3 resonance is also difficult to
observe because of the small sublevel population probability
of the energetically higher sublevels.
For I59/2 (185Pt!, the complete NMR-ON spectrum con-
sists of 9 subresonances. In this case the lowest subresonance
(n1) has the largest subresonance amplitude, too.
In cases, for which only the lowest subresonance can be
observed, the quadrupole interaction can nevertheless be de-




This is the case for 185Pt and 189Pt, for which the magnetic
hyperfine splittings with respect to 191Pt are known experi-
mentally from NMR-ON measurements on 185Pt, 189Pt, and
191Pt in Fe @14–16#.
In the NMR-ON methods the resonant absorption of an
applied radio frequency ~rf! field is detected via nuclear ra-
diation @17#. The angular distribution W(q) and the anisot-
ropy A(q) of g-rays emitted in the decay of oriented nuclei
at the temperature T is given by
A~q!5W~q!215 (
k even
AkBk~am!Pk~cos q!Qk , ~9!
where all parameters have their conventional meaning @18#.
In the present work the ratio of count rates at 0° and 90°
e5W~0° !/W~90° !21 ~10!
is analyzed, which is independent of the decreasing count
rate due to the radioactive decay.III. EXPERIMENTAL DETAILS
The samples were prepared with two different preparation
techniques, mass-separator-implantation at ISOLDE/CERN
and recoil-implantation at the cyclotron in Karlsruhe. The
hcp-Co single crystal disks used for the implantations were
prepared from a hcp-Co single crystal commercially avail-
able. Disks with a diameter of ;10 mm and a thickness of
;0.5 mm were spark cut from the crystal, the c-axis being
oriented parallel to the plane of the disk. It should be men-
tioned that, especially for mass-separator implantation, the
surface quality plays an essential role. ~The implantation en-
ergy at ISOLDE/CERN is 60 keV.! Therefore the further
treatment of the single-crystal disks consisted of many steps,
which are described in detail in Ref. @19#: ~i! Mechanical
polishing with 15-mm, 9-mm, and 3-mm diamond emery pa-
per; ~ii! mechanical polishing with 1-mm, 0.5-mm, and 0.25-
mm diamond paste. After each mechanical polishing step the
crystal was cleaned ultrasonically. ~iii! Electropolishing
(;30 min! in H3PO4 ~85%! with an abrasion rate of
;10 mm/h. The final thickness of the disks used for mass-
separator implantation and recoil implantation were ;0.3
mm and ;7 mm, respectively.
Mass-separator-implanted samples of 191PtCo (hcp),
189PtCo (hcp), and 185PtCo (hcp) were prepared at ISOLDE/
CERN by implanting the radioactive precursor isotopes
191Hg, 189Hg, and 185Hg. Recoil-implanted samples of
189,191PtCo (hcp) were prepared at the cyclotron in Karlsruhe.
A sandwich target consisting of a Cu foil ~thickness 3
mg/cm 2) onto which Os ~natural abundance! had been
evaporated with a thickness of 1.5 mg/cm 2, followed by a
hcp-Co single crystal ~thickness 7 mm!, was irradiated for 6
hours with 55-MeV a-particles ~beam current 2 mA!. 189Pt
and 191Pt are produced via the nuclear reaction
190,192Os(a ,5n)189,191Pt and recoil-implanted into hcp-Co.
In both cases, without any further heat treatment, the
samples were soldered with GaIn to the Cu sample holder,
loaded into a 3He- 4He-dilution refrigerator with a top-
loading facility, and cooled to temperatures near 10 mK. The
radio frequency was applied using a rf synthesizer. The ex-
periments on the mass-separator implanted samples of 185Pt
and 189Pt were performed at the NICOLE cryostat at CERN;
the experiments on the recoil-implanted samples of 189,191Pt
and the mass-separator implanted sample of 191Pt were per-
formed at the cryostat in Munich.
IV. MEASUREMENTS AND RESULTS
Figure 1 shows the QI-NMR-ON spectrum of the mass-
separator-implanted 191PtCo (hcp) sample measured for Bext
56 kG. The three quadrupole subresonances are perfectly
resolved. By taking into account the results of additional
measurements, the final results are
nM5235.18~6 ! MHz,
nQ5127.10~4 ! MHz .
They are in good agreement with the results of a previous
experiment @20#, but more precise. The higher precision is
due to a considerably improved surface preparation tech-
57 2167MEASUREMENTS OF QUADRUPOLE-INTERACTION- . . .nique for the Co single crystals. This can be seen from the
fact that the inhomogeneous line width in the present QI-
NMR-ON spectrum is by a factor of ;2 smaller than that of
Ref. @20#.
For the mass-separator-implanted 189PtCo (hcp) sample
only the n1 resonance could be measured, because of diffi-
culties with the rf equipment of NICOLE. It is shown in Fig.
2. The result is n15187.389(9) MHz. The magnetic hyper-
fine interaction of 189PtCo (hcp) can be predicted as the ratio
of g factors for 189Pt and 191Pt can be derived from
NMR-ON measurements of 189Pt and 191Pt in Fe. Eder et al.
@14# and Ohya et al. @15,16# determined the ratio
nM(189Pt)/nM(191Pt! to be 0.8680~3! and 0.8679~2!. Thus we
get nM(189PtCo (hcp))5204.11(9) MHz. According to Eq. ~8!
we get nQ(189PtCo (hcp))5133.44(20) MHz. Thus the ratio
of quadrupole splittings and hence the ratio of quadrupole
moments of 189Pt and 191Pt is deduced to be
Q(189Pt)/Q(191Pt)511.234(8). This is very different from
Q(189Pt)/Q(191Pt)511.05(7) quoted by Duong et al. as re-
sult from LS measurements @11#.
Because of this large discrepancy, another experiment
was performed, in which recoil-implanted 189Pt and 191Pt
were measured in the same sample. In this experiment the n2
resonance of 189Pt could be measured in addition to n1. It is
shown in Fig. 3. The results are n1(Bext56 kG)
5186.18(11) MHz and n2(Bext56 kG)5203.13(43) MHz.
The extrapolation to zero external magnetic field yields
n1(Bext50 kG)5187.50(11) MHz and n2(Bext50 kG)
5nM5204.45(43) MHz. Within the experimental error, n1
FIG. 1. QI-NMR-ON spectrum of the 538 keV transition of
mass-separator-implanted 191PtCo (hcp) measured for Bext56.0 kG.
FIG. 2. n1 resonance of the 545 keV transition of mass-
separator-implanted 189PtCo (hcp) measured for Bext50.5 kG.is in perfect agreement with the measurement on the mass-
separator-implanted sample, and nM is in perfect agreement
with the value calculated by taking into account the ratio of
g factors determined from NMR-ON of 189,191PtFe . Thus,
we get the independent additional result of nQ(189PtCo (hcp))




Thus, the final value for the ratio of quadrupole moments of
189Pt and 191Pt is deduced to be
Q~189Pt!/Q~191Pt!511.235~8 !.
It should also be stated that for the recoil-implanted sample
the quadrupole splitting for 191PtCo (hcp) was measured to be
126.88~40! MHz, in perfect agreement with the more pre-
cise result for the mass-separator implanted sample quoted
before.
The experiment on 185Pt was difficult because of the short
half-life of 1.2 h. Here only the n1 resonance was searched,
for which the largest resonance effect is expected. For both
the 461-and 641-keV transitions, a significant resonance sig-
nal was observed as shown in Fig. 4. The result from both
FIG. 3. n1 and n2 resonance of the 545 keV transition of recoil-
implanted 189PtCo (hcp) measured for Bext56.0 kG.
FIG. 4. n1 resonance ~sum of 461 and 641 keV transition! of
mass-separator-implanted 185PtCo (hcp) measured for Bext50.5 kG.
2168 57B. HINFURTNER et al.TABLE I. Experimental and theoretical ratios of spectroscopic quadrupole moments Qs /Qs(191Pt!.
Isotope Ip Qs /Qs(191Pt!
QI-NMR-ONa NOb LSc LSd Theorye
185Pt 9/2 1 24.46~13! 25.2~1.5! 24.4~6! 24.5 . . . 25.3
187Pt 3/2 2 11.4~4! 11.15~8! 1.3~2! 11.17 . . . 11.31
189Pt 3/2 2 11.235~8! 11.3~3! 11.05~7! 11.4~3! 11.04 . . . 11.08
aQuadrupole-interaction-resolved NMR-ON: this work.
bNuclear orientation: Refs. @14,21#.
cLaser spectroscopy: Ref. @11#.
dLaser spectroscopy: Ref. @13#.
eTheoretical calculations: Ref. @13#.transitions is n1 5 140.86~28! MHz. Here again, the quad-
rupole splitting is obtained by taking into account the mag-
netic hyperfine-splitting frequency of 185PtFe , which is de-
rived as follows: The NICOLE Collaboration observed
NMR-ON on 185PtFe , with a resonance center of n
5164.9(2) MHz ~extrapolated to Bext50 kG! @12,21#. Here
the quadrupole splitting is unresolved because of the high
spin I59/2; it causes, however, an offset of the resonance
center with respect to the pure magnetic hyperfine splitting.
This offset is estimated to be 0.5~5! MHz by taking into
account the known quadrupole splitting of 191PtFe @22# and
the ratio of quadrupole moments Q(185Pt)/Q(191Pt! as deter-
mined in this work. Taking now nM(185PtFe)5164.4(7)
MHz, we calculate nM(185PtCo (hcp))5120.7(5) MHz. Ac-





Here we want to mention that an uncertainty exists in the
assignment of the observed resonance to n1. Because of the
short half-life of 185Pt and the limited beam time we could
not perform an additional dedicated experiment on that sub-
ject. If the observed resonance would have to be assigned to
TABLE II. Magnetic moments of Pt isotopes.
Isotope Ip m (mN)
NMR-ONa NMR-ONb LSc LSd
185Pt 9/2 1 0.774~14! 20.83~1!
187Pt 3/2 2 0.408~8! 20.397~5! 20.427~20!
189Pt 3/2 2 0.434~9! 0.427~9! 20.421~5! 20.440~8!
191Pt 3/2 2 0.500~10! 0.492~10! 20.501~5! 20.494~8!
aNMR on oriented nuclei: Refs. @12,14,22#.
bNMR on oriented nuclei: Ref. @15#.
cLaser spectroscopy: Ref. @11#.
dLaser spectroscopy: Ref. @13#.n2, the ratio of quadrupole moments would be
Q(185Pt)/Q(191Pt)525.94(17).
V. DISCUSSION
Our ratios of spectroscopic quadrupole moments
Qs /Qs(191Pt! are listed in column 3 of Table I, together with
experimental results from nuclear orientation ~column 4!, la-
ser spectroscopy of Duong et al. ~column 5!, laser spectros-
copy of Hilberath et al. ~column 6!, and theoretical calcula-
tions within a particle-triaxial rotor model ~column 7!. The
change of deformation parameters between 191Pt and 189Pt
can be obtained from the ratio Qs(189Pt)/Qs(191Pt!. The LS
result of Hilberath et al. ~Ref. @13#! and the NO result of
Eder et al. ~Ref. @12#! do not allow one to draw any conclu-
sion because of the large experimental uncertainties. The LS
result of Duong et al. ~Ref. @11#! is more accurate, 1.05~7!,
but an increase of the quadrupole moment can also not be
deduced unambiguously as 1.0 is also included within their
experimental uncertainty. These LS data are also consistent
with a moderately small increase in the quadrupole moment.
Theoretical calculations yield 1.04–1.08 for this ratio @13#,
which was considered to describe the experimental result
well. Our experiments have shown, however, that this ratio is
11.235~8!, i.e., that the change of deformation parameters,
mainly g , between 191Pt and 189Pt is much stronger than
expected theoretically. The fact that the theoretical calcula-
tions of Ref. @13# describe the known experimental magnetic
moments well cannot be interpreted that the nuclear defor-
mation is described properly. This is due to the fact that, for
the case of not too large deformations, the influence of Co-
riolis mixing on the magnetic moment cannot be calculated
with sufficient accuracy. Recent measurements of magnetic
moments of the first 21 excited states in even Pt isotopes
showed that these are remarkably constant between A5184
and 198 despite the undoubted shape change in this region
@23#.
That the value of Duong et al. @11# for
Qs(189Pt)/Qs(191Pt! was too small is probably due to an in-
correct decomposition of the magnetic and quadrupole con-
tributions in the LS spectrum. This is supported by the fact
that the magnetic moment of 189Pt given by Duong et al.
@11# is also at variance with the magnetic moments derived
from NMR-ON @14# and LS of Ref. @13# ~see Table II!.
57 2169MEASUREMENTS OF QUADRUPOLE-INTERACTION- . . .For 185Pt, there is a discrepancy for the experimental
magnetic moments ~see Table II!. The ratios of quadrupole
moments ~Table I!, however, are consistent. Here the theo-
retical ratio Qs(185Pt)/Qs(191Pt! 5 24.5 . . . 25.3 is in
agreement with our experimental ratio of 24.46(13).
In summary, we have measured precise ratios of quadru-
pole moments of Pt isotopes. Our results can serve for a
better theoretical understanding of the change of nuclear
shapes in the Ir-Pt-Au-Hg transition region.ACKNOWLEDGMENTS
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